Fe-based amorphous composite coating was deposited on the carbon steel substrate by arc spraying and then remelted by a plasma remelting system, in order to improve the mechanical properties of the coatings. The composition, microstructure, and properties of the composite coating were analyzed by means of the metallographic microscope, scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), and microhardness tester. The results showed that the amorphous composite coatings had more homogeneous and finer microstructure after the plasma remelting. The coating is metallurgically bonded with the substrate, and the hardness of the Fe-based amorphous composite coating is up to 1220 HV. The internal relationship between microhardness and microstructure has been discussed.
Introduction
Owing to the excellent wear/corrosion resistance and high hardness, the Fe-based amorphous composite coatings prepared by the arc spraying technique have attracted huge interest in surface technology area [1, 2] . However, the arc spraying coatings have two considerable drawbacks: the high porosity and poor bonding strength with the substrate [3] [4] [5] [6] , which seriously deteriorate the performance of the coatings under the particle erosion wear and corrosion conditions. In this work, we perform a detailed investigation about the effect of the remelting plasma power on the properties of Fe-based amorphous composite coating. The coatings were firstly fabricated by the arc spraying and then remelted by plasma with optimal parameters. Both the microstructure and microhardness of the coatings were studied and compared.
Materials and Methods
Taking account of the common metal used in the coal-fired power plant's water wall tube, the 20 G steel was selected to be the substrate material. The commercial QG1200 cored wire with Φ2.0 mm was chosen as the arc spraying wire, which is a brand of spray wire. The nominal composition is as follows: CrB 2 : 70%, Cr 2 C 3 : 30%, rare earth: 0.5%, and so forth. Mixed the powder uniformly, and wrapped with 0Cr18Ni9 austenitic stainless steel, and drawn into a cored wire, and the powder accounted for 30%. The thermal spraying experiment was conducted using BP-400 type arc spraying equipment manufactured by Praxair-TAFA Company and the remelting equipment using type of Ultima-150 manufactured by Victor Technology Company.
The size of the 20 G steel plate is 200 mm × 200 mm × 10 mm. Prior to coating, the substrate was blasted with 36-mesh aluminum oxide to remove the oil and rust. The electric arc spraying apparatus and plasma remelting system were employed for the coating preparation. Both the arc spraying and plasma remelting experimental parameters are shown in Tables 1 and 2 . The thickness of the obtained coating is about 1 mm.
The surface of the composite coatings was prepared using standard mechanical polishing procedures and etched by an alcohol nitrate solution. The microstructures were observed by scanning electron microscopy (SEM) equipped with an energy dispersive spectroscopy (EDS) detector. The 2 Advances in Materials Science and Engineering 
Results and Discussion
Figures 1(a) and 1(b) show the OM and SEM images of the cross-sectional regions of the coating deposited by arc spraying, respectively. During the process of spraying, the spraying wire was heated to the semimolten state or molten state, then blown to the substrate surface, flattened, and rapidly solidified, finally forming the layered structure morphology. The particles with mostly oval shape or flat shape are staggered, waved, and piled on each other. Therefore, the porosity of the arc spraying coating is high, even up to 5% [7] . After the process of collisions between the molten drop and substrate, the irregular stacking causes the uneven overlap rate. The gas solubility in molten particles is reduced, and the solidification time of 10 −7 ∼10 −6 s is too fast for the gas to spread out from the molten drops, resulting in the high porosity [7, 8] .
In addition, a layer of particles which are not fully melted can be found in the interface of substrate and coating, and the reasons are speculated as follows: on the one hand, when reaching the surface of the substrate, the temperature of particles decreased dramatically, resulting in the fact that the particles in the interface experienced higher cooling rate; on the other hand, the substrate was not fully preheated at the beginning of the spray process, so these particles that firstly reached the substrate cannot fully deform. Those two reasons may cause the mosaic mechanical combination between the coating and the substrate. Figure 2 presents the X-ray diffraction pattern of the coating after the plasma remelting. The XRD pattern shows a broad maximum peak around 45 ∘ followed by a lesser intensity broad peak indicating that there exists the amorphous phase, and some broadened crystalline peaks were superimposed on the XRD curve due to the formation of nanocrystalline and amorphous matrix. In the vicinity of 45 ∘ and 65 ∘ weaker intensity appeared corresponding to the amorphous phase diffuse scattering package and superimposing a clear broadening of diffraction peaks. After calibrating the diffraction peaks, confirm that they are -(Fe, Cr) and Fe 2 B and Cr 3 C 2 . Using the Pseudo-Voigt function to fit the XRD diffraction [9] , calculate the amorphous and nanocrystalline phase in the coating content; amorphous phase volume ratio is 41.42%, and the nanocrystalline phase volume ratio is 34.37%.
In order to confirm the presence of amorphous phase, DSC analysis was conducted and the results are shown in Figure 3 . In the range 492.2 ∘ C∼569.1 ∘ C the coating has an exothermic peak crystallization temperature range, and in the vicinity of 511.2 ∘ C transition from the amorphous to the crystalline state occurs, and these variations illustrate that the coating contains amorphous phases. While at about 492.2 ∘ C amorphous phases in the coating began crystal transformation and at 511.2 ∘ C the curve reached its lowest point, the crystal changing occurred rapidly, and the dramatic changing in the curve was at 569.1 ∘ C, indicating the occurrence of a phase transition. Figure 4 shows the morphology of the transverse section of the arc spraying coating after the plasma remelting. Figure 4(a) shows the image of remelted zone, heat affected zone, and substrate material zone. After the plasma remelting, the layered structure of the coating disappeared, and the voids and unmelted particles produced in the arc spraying process were reduced. After melting, the microstructure is obviously refined and uniformly. Figures 4(b) and 4(c) show the images of the surface and center areas of the coating, and the sizes of grains near the surface of the remelted area are smaller than those in the center area and near the substrate interface. Figure 4 (d) displays the SEM image of the cross section of the remelted area. It can be seen that, at the interface of the remelted area and the substrate, the direction of dendritic grains is vertical to the liquid-solid interface, which is in accordance with the heat flow direction. Figures 4(e) and 4(f) show the nanocrystalline/amorphous and the dispersion distribution of the ceramic particles of boride and carbide phase in the coating.
According to Figure 4 , in the remelting process, the rodshaped particles overlap accumulation, and the amorphous phase sufficiently filled in the pores of the coating, the combined effect of these properties improve the compactness of the coating. In addition, the mutual pinning effect between dendrite area and intergranular eutectic area grid was aided by the dense amorphous filler, resulting in high hardness and impact resistance [10] . The amorphous matrix and dendritic grains with different phases composed the micromixed eutectic structure: on the surface of remelted area, the small granular grains are formed due to the rapid solidification of the remelted layer. The high temperature gradient determines the directional solidified fine grain structure of the remelted layer. In the surface of the remelted area which possesses the maximum temperature gradient, no dendritic grains formed [11] . Compared with the dendrite layer of the remelted area, the numbers of cellular dendritic phases are greatly reduced and the microstructure becomes more diffused and refined, which are beneficial to the uniform distribution of the carbide and boride reinforcing ceramics. Figure 5 (a) illustrates the optical cross-sectional micrograph of the remelted coating, showing the dense and fine structure with no obvious cracks and pores. During the collision process between the droplet and substrate, the portion iron of the substrate diffused into the coating, and the chromium of the coating diffused into the substrate. In other words, on both sides of the interface, the distribution transitions of Fe/Cr are obvious, and the diffusion is very uniform, this leading to the fact that the coating and the substrate form a metallurgical bonding. And the metallurgical bonding ensured that the coating has a high wear resistance and impact resistance. Figure 6 is the microhardness gradient distribution of the coatings before and after remelting. As shown in Figure 6(b) , the maximum hardness of the remelted coating achieves 1220 HV 0.3 which is higher than the arc spraying coating (980 HV 0.3 ); This is mainly due to the rapid condensation in the remelting process resulting in the droplets' refined, and a large number of nanocrystalline/amorphous structure's synthetic in the original position, as well as a lot of chromium boride and chromium carbide and other hard phases' precipitated and uniformly dispersed in the coating. In addition, plasma remelting reduced the voids and cracks in the coating. Figure 6(b) illustrates that the hardness of the top surface is higher than that of the middle and lower region of the remelting coating. This is mainly due to the faster cooling rate and being without element dilution in the top surface, leading to the formation of plenty of amorphous/nanocrystalline and homogeneous microstructures. The microhardness of coating is suitable for the complex rules of composite materials (ROM) and is determined by both of the microhardness ( ) and the volume fraction ( ) of each phase [12] :
In the formula, and are the hardness of phases and phases in the coating; and are the volume percentage of phases and phases in the coating.
From formula (1), microhardness of Fe-based amorphous composite coatings prepared by this experiment is determined by the amorphous and nanocrystalline grains in the coating.
By formula (1) also can be judged in the composite coatings the relationship between the hardness and the phase volume fraction is not linear. The maximum value of hardness is at the top region of the coating, and substrate/transition region is lower and was caused by the hierarchical microstructure of the coating. Because of in the remelting process, the cooling speed and the composition in the different area of the coating are both different, at the bottom of the coating, the composition deviated from the original composition influenced by the liquid alloy's melting and dilution; meanwhile the noncritical cooling rate of amorphous alloy becomes higher, resulting in the amorphous formation ability decreased. These changes on the composition and crystallization reflected in the organizational structure that is in different region of the coating have different micromorphology [13] .
Conclusions
A kind of Fe-based amorphous/nanocrystalline composite coatings was prepared by arc spraying and remelted by a plasma remelting system. The hardness of the composite coatings is significantly higher than that of the matrix, the maximum hardness reached 1220 HV 0.3 , the coating and the substrate form a metallurgical bonding, and the structure of the coating is compact. Amorphous/nanocrystalline structure was synthesized in situ, and their synergistic action caused the coating to have good hardness characteristics, which have great potential applications in the field of antiwear and anticorrosion [14] .
